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Absolute Viscosity of Water at 20°C
1. F. Swindells, 1. R. Coe, Ir., and T. B, Godfrey

An zecurath knowledpe of the viscositiss of liquida [n abaoluta unita i of fundarmentgl
importance in many scleatific Gelds. The messurement of these viseosities 13 almost
universelly hazed upon the absolute vispoaity of wmter at 20° C as 8 primery atandard.
During the past 60 years thers has been an Incteasing need for a more Acctrate detarming-
tion of this standerd. Comseguently, with the cooperation of the Boeiety of Rheology snd
apme financis]l nssistanoe from the Cheamical Foundation, this project wae undertaken hy
tha Kational Bureat of Standards and bad now Boeen completad.

The determination was made by the method of capillery flow. By means of a calibrated
injeqtor, various known ooostant rates of flow were prag'.med in papillaries of mepaured
dimensions, and shsarvationa were pinde of fhe correspondibg phxdagra dropa through the
capillaries, The efects of the ends of the capillaries were rendered negligible by the
simultanpouy treatment of date chtained with paira of capillaries having essentially the
patna diamesters bot difforent lengtha.

The walue found for the vizoosity of water is 0.01001% poise a3 eompared with 001005
poise, which has ﬁnamlly been aocepted for the past 30 years., The estimated acouracy
of tha new detormination i3 L0, poize,

As a result of this work, beginning on Julr 1, 1852, the National Bureau of Btanderds
I2 planning to use the velue 001002 poise for the abwolute vhgoalty of water st 20° C as
the basis for the zelibrstion of viscometers snd standard-esmple oils. 1t Iz recommended
that other laboratories adopt this value ss the primary reference standard for comparative
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Inegduratients of viacoaity,

1. Inkreduction

The viscosity of a liquid is its internal resistance
to flow. The accurate measurement of viscosity
in absolute units is @ difficelt underteking, and the
difficulty ia magnified preatly as the accuracy
desired is increased. ~ However, if the viscogity of
ons liguid is known, viscosities of other liguids in
terms of that of the known may be determined very
necurately with relative cage.  Becauss of its ready
availability, water at 20° ' haz been generally
adopied in the United States as the primary refer-
enee gtandard, its viscosity being taken to be 0.01005
poize [11.! Other values reported in the litersture
2], however, are in disagreement with this value
¥ 28 much ps 14 parts in 1,000,

In view of this uncertainty, in October 1931,
chieﬂ}}' at the instance of the late K. C. Bingham,
the National Bureau of Stendards began o redeter-
minetion of the viscosity of water at 20° C. This
work had the cooperation of the Society of Bheclogy,
through whom {during the first 2 years] considerabls
financial assistance was ohtained from The Chemicsl

Foundation. The problem was assighed to J. K. Coe,
with gha ]ﬂ;)gmm gubject to the review of“N. E.
Dare®, who gave valuable advice and encourage-
ment. It was agreed that, althovgh other methoda

might alsc be explored, measurements should be
made by the eapillary flow methed, An HCCUTACY
of at lesst 1 part in 1,000 was to be sought.

By the of 1032, the apparatus and experi-
mental procedures described below bad been largely
determined upon, much of the spparstus had been
designed in de:t.nij, snd some of it hed been built or
procured. In addition, ro experiments to estab-
iteh the feasibility of the me had been concluded.

cagily available, and & machine to lap the bores of
glass tubes was built as an alternativa to attempting
to find suitable tubes by the examination of many.
Thizs work was deacribed in a progress report m.
December 1922 [3]. This part of the project was
not completed, becausa it was found in 1933 that
satisfactory capillaries wera then being made by the
Jens Glase Works in Germany. During the pariod
1933 to 1938, work on the project wasz subjected to
fraquent interruptions and nacessary delays,

In the faell of 19358 conditions mads it poszsible
for T. B. Godfrey to join J. R. Coe in the work,
which was continted withsut interruption until the
fall of 1941, when it was again delayad by reason of
the war. Dhring the period 1838 to 1041 the
n}:pc&rnt-us was completed end assambled, the methods
of ealibration and flow measurement worked out in
detall, aod two series of flow measurementa com-
pleted.  Tenjative values for the viscosity of water
at 20° C * and 2t other temperaturez bazed on thess
early measurements were reported in a letter to the
Editor of the Journal of Applied Physics [4] It
was recognized, however, that with the completion
of 50 amall a part of the contemplated series of
measurements, only the necessity of indefinitely
auspending work justified any statement at that time.

‘B’ork on the determination was resumed in Jan-
uary 17 by J. F. Swindellz, whe completad the
experimental program and reduced sll the data.

2. Theory of the Capillary Method

When &sccurate viscometric messurements are
desired it is necessary to limit the conditiom= to
laminar fow within capillery tube. Turbulent
flow is governed by factors that make conditjons

Initially, wsufficiently uniform tubes wers DOt | “3Tp value o 00002 poise for o viscosity st 3P C, which wmt vt
— that tima, b In good ot with e vwioe 00N SH0LO0000, 14 Kb
1 Figares In breckets mdieats the Hiersbors refaremees gven oo p. X nnﬂmftarﬂnmmm .
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unsuitable for evaluating the viscosity, According
to the lews of similarity, it hes been shown [5] thet
the type of flow in a capillary is characterized by a
dimersionless ratio, the Reynolds number, 2!}:’15);"!:,
irn which r i= the mean wclocity, r 1a the radius, and 7
and § are the density and viscosity, respectively,
of the flowing liguid. Under oedinary conditions
of capillary flow, sustained turbulence 15 not to be
expacted [5, chapter IIT] at Eeyoolds numbers less
than 2,000, The present measuremenis were Con-
ducted in the range 100 to 650, and consequently
the flow is nssumed to be laminar, exespt possibly
at the ends of the eapillaries.

Tha system under consideration consists of a
capillary having squars-cut ends and located be-
tweesn two chamhbera that are Ierge with respect to
the hore of the copillary. The liquid in one ber
ia nocelerated from cssential rest to the wvelocit
in the capillary and then is brought to essenti
rest in the exit chamber, The measured quantities
used in caleulating the viscosity are P, the pressurg
drop between the two chambers; [, the length of
the capillary; #, its redivs; and €, the volume rate
of flow.

In the portion of s cylindrical tube remote from
the ends the distribution of velocities neross the tube
iz parabolic, and Poiseuille’s laws are kiown to
apply when the flow is lamioar. Theao laws are
expressed by the eguation

dp B
-2, M
where dp/dl is the pressure gradient. Twe Linds
to modify 1 8o that

of corrections are nece-ssag
in ita integrated form it will hold for a tube of firte
length, in which account muyst be taken of the special
conditions existing at the ends of the tube. First,
the ligmid enlering the capillary is accelerated &t
the expenze of the measured ure drop. The
armount of this conversion of static pressure (o
kinetic eneryy may be expressed as a part of the
mensured pressure drop by the addition of & term

mIP
=

in which m iz 2 cocfficient whose magnitude depends
in [i:m't upon the flow pattern at the antrance end
of the tube. Within the range of Eeynolds numbers
covered here, it is probable that the kinetie enerpy
of the flowing Jigmd is entircly dissipated as heat
in the exit chamber [8]. However, if there should

8 hypotheticnl addition to the length, Tha effective
length of the tube then becomes {+nr, in which »
is & constani, A rather complete discussion of

both of these corrections ie eiven by Barr [7].
The complete equetion {for the flow thro a
capillary tube is ususlly expressed in one of the
following equivalent forme:
__ =P wmbg
K Y s - — ()
14 mb
P28 (1 an 4 T, 3)
P 8y mi}
= G+ 55 4)

To calenfate the viectosity from measurements
made with a single capillary, numerical values
must be asgigned to m and n.  If, for a given ligoid,
the wvaloes of the pressure drop corresponding to
various rates of flow sre measvred, volues of gi“.-’Q
mﬂ,f be plotted apainst @, and » straieht line resulte
83 lonp s i and % remain constant. Such data
may be used to demonstrate the constancy of m
a.m:irv n under given sonditions and also to evaluate
w for & pariicular capillary through use of eq 4.

When using capillaries of relatively large length-
radiue ratios, it i obvious that n is less sippificant.
Conver=zely, this fact has prevented its evaluation
with much certainty. Most of the published ax-
peritnental values lie hetween zero and anity ['.?‘]Ir but
in many cases the experimentsl error is nearly ae
| a8 the quantity being measured. Ths most
rehable work seema to have been performed by
Bond [8], who conduded that a=0.566-0.020 for
the tu that he uscd. However, some of Bond'a
measurements were made with capillaries that were
not sufficieatly long for the ﬁrambu]ic diskribution of
velogities to become completely establizhad, and
consequently his results may not be strictly appli-
cabie to longer tubes,

It = desireble, therefore, to caleulate the viscosity
from flow measurements that render uncertainties in
the value of # completely negligible. This may be
accomplished through the smultaneous solutioh of
date obtained in two capillartes having the sama
radivs but different lengths., If we denote the
meazured quantities associsted with the longer
capillary by the subscript 1, and those pertainipg to
the sharter by the subscript 2, wa obtam from eq 3
for the longer capiilary

be zome conversion of kinetie energy to statie pressure D
n the procesa of decelaration, it would be accounted r 1=%:’ i +ne)+ mrz,.?z {5)
for in the m&gnituda of ,:im od
Tha second eorracticn thot is required to 2ceount .
for the phenomena peculiar to the ends of the tube and for the same rate of flow in the shorter
i# the result of the work done against viscous forces 8 Q4 m DF
in the rearrangement of the wvelocity distribution. Po=—Sltant = (6)
The effect of this resistance in the eonverging nnd T g
diverging streamlines at the ends of the tube i ]
proporiicnal to the radiys and may be expressed as | Subtracting eq 6 from eq 5
2
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PI—P,,J??_"; Y

from which
_ﬂ'l:P1 —Py)
# sS4 1)

Howeaver, it is not practicabls to select two lengths of
vapillary having identical radii, even if they are ent
from the same length of tubing. Alse, while the
flow data may show m and % to be constants for each
tube, they may not be the same for both. Con-
aecﬁueutly, assigning the proper subscripts to r, m,
and # in eq 5 and 8 and proceeding as before, the
more general equation becomes

{7)

o Pirt=—Pir)— G dm—m
(=8 r —nars)

But if any teazonable values whatever are assigned
to n, and #;, and r, does not differ greatly from r,
the quantity (am—ngry) will be negligible with
respect to (f —I;) within the order of accurscy with

o= (8}
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which the lengths can be measured. Accordingly,
the viscosity mey be calculated by the equation

PPy =2 ¥ —my
= ‘

'q_
in which values for m; snd ms arc chtained from the
flow data through use of g 4, as mentiohed above.

3. Apparatus
3.1. General Description

The experimental method involves flowing water
through & capillary at various knowd constant
rates Bnd measuaring the corresponding pressure
drops through the eapillary by means of a differen-
tisl merrury manometer. The general arrangement
of the apparatus uvsed in making the flow messure-
menis is shown diagrammatically in figure 1. The
muain elements are the viscometer, the injector for
producing the Aow of water through the capiliary,
and the differenfial mercury meanometer. &
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Fioumm 1, Schematic diggrast of epporetue.
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viscometer consizts of o onpillaery mounted vertically
botween gluss entrance sod exit chnmbers.  Glass
Lubes eonmect the sntranee aod exai chiambers 1o the
short wod long wrms of the munomeber, fospies
tivelv., A reservoir above the viscometer s con-
pected to the exit chamber by o spieal of gluss
Cubinge o= shiown.  Moereury in (e entranes chipmber
and the two arms of the manometer s represented
!1:..' the black areds.  The [riis of they viscometor
ard monometer gbove the mereory e Bled with
winter {oon level mthie reservoir that 1= higher than
the point whore the dde tube Teone thye exit chamber
conmeete with the manometler,
The various rates of flow are produced in the
capillary by injecting mercary mto  the enteanes
clunber at various constant rmtes, Lhos displacing
witter upward through the capillary, The waler
flows from the exit clumber into both the long wrm
of the manometer and the reservoir, maintaining {he
sume level in each.  The mercory & injected by
menns ol an accurslely gronmd and lapped piston
driven ot o upiform rate.  The piston is gepred 1oy
synehronous motor operating on o source of eleetri
Hn'l.ﬂ'w' of controlled Teequency.  Dilferent rates of
ow are obigined by changing (e eoar combinptions.
The manometer consists of a mercurv=fllod U-tube,
it which the short arm level is adjusted 1o 4 fived
leigelst, and the level in the lone arim s adjusted by
addition or removal of mereury antld the resultinge
e ey coliimn |urhr|!r4'4r.*i Ihl' RS re rh'urrh llll'ullglr
thie capillary. The mercnry in the manometer is
mamipulated by means of the manometer wjoctor
and mercury reservolr shovwn in the auxalicee batl,
Constanb-volume stopeocks wee provided to shot off
the two arms of the manometer from each obher wml
for injecting movenry tmto oither arm independently.
The viseomoter and monomoeter ore moantod oo-
gothor e a lguid bath meinteined at the test tem-
perature of 20° . The temperatures of the main
injecton aod the nexiliary apperatus for the moanom-
eter are held constant i separate baths, which e
muirteined somewlial above room temperatire for
et thermestatting.  The sonpecting  meréary
lines botween the injector and suxiliney baths ol
the viseometer buth wee focketed with legoid pumped
from (e viscometer bath to bring the moreure nencly
to 20° C before 1t enters the manometer or viscometer.

3.2. Main Injector

The function of the injector mechanism is (o pro-
vide a known constand Qow of mercury into the ons
trance chamber of the viscometer, thus foroing water
thrtugh the eapillary at o rale that s constant when
thie muanometer = ot enguilibroo

Pigure 2 shows the injector and its driving
mechanism without the conglant-temperstare Liith

The injector consists of o vertically mounted,
merciry-iilled steal eylinder into which a steel piston
18 foreed by u rigidly coupled sevew.  The seraw, hold
from turning by outriders bearing on tracks parallel
to its axis, i moved by a rotating nut held betwoen
thrust-type ball hearings, On the periphery of the

Masn ingfaetor bk Weivimoglial eeivatiod

Fiiriae 2,

| L= a '!-'I-'i!l'II!IIiL“L'llT' driven by o worm on & horigontal

drve shalt, This mechanism s deiven through o
| chanege gear box by g synchronous motor,

The piston, nominally 1 in. in diameter, s made
of hardened, ground, and hipped RKetos stecl. 1is
dinmoter 18 uniform to =000004 m. The piston
enters (he steel eyvlinder throvgh o voenum-tight
gland that contnins cloth tnpregmdated with coresin
wax.  The exlinder s on inside dingoter of 15 o
thus thero is & Yi-in. radial clenraneoe betweon ey lin-
iler wnil [}i-llhn. With o eleamnes of this Ih|1i_'r'|1'| Hilis,
the formntion of voids is nnlilkely exeept in the pack-
ing glund, and the volome of merenry expelled from
the eylindes should be proaisely the volume of the
catering  piston, . The cevlinder was  thoroughls
pomped out and flled with merenry ander vacuum,

The serew s muade of bhardened stecl. Tt has a
rapxipum dipmeter of 1 in,, sod an Spiteli Aemo
thread. The mating threads of the nut are made of
Babbit metal. The worm gear that forms the pe-
mphery of the nut is of mild steel, and the motinge
worm ia of hardenod stecl, These parts were zpe-
cinlly machined s0 45 1o have np periodic drror
grogier than | part in 100000 of their lead, The
worm and gear give & 40-to-1 reduction,

Speedd are changed by changing ane or boll pairs
of meshed sears mounted ontside the gear box,
These are commervial grade, G2-pitch; B-m faee,
halieal [ELEHT o Thae drive iz ."r—[i[ul,.-.—r, 1 H-valt, Y-
horsepower, svnchronous motor,

Power for driving the injector mechantsm 1g ob-
Liined feom @ constun t-lregqueney gonerilor doven
by n specinl motor thet takes its power from tho
commercial lines but has iis speed automatically
held in synelrony with o highly aeeurate 60-cyele
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signal origingting in a quartz-crvetal cecillator main-
tained by the Hadio Ikvision of the Bureau. The
piston and eylinder are immersed in & atirred oil bath
whose temperature can be maintained at a chosen
polnt withun +0.002° C. The worm-gesr mech-
anism, pear box, snd motor are in a corl-lined
inclosura directly ahove the oil bath.
_ The rate of delivery of mercury from the injector
18 calenlated from the measared delivery per turn of
the worm drive shaft and the rotational speed of the
shalt. Tha speed of the shaft ie caleulated from the
motor speed and the ratio of the gears smployed.
¥Yarintions in apeed cansed by imperfections in the
change gears can be neglected as they are of short
period and tend to be integrated by the slow reac-
Lion of the manometer to changes in pressure.  (The
tima constants for the system will be dizcussed later.}
Variations in motor apeed arising from frequency
fluetuations in the power SUP]J]‘_E" are puarded againsi.
A permanent magnet, held in a collar, is installed on
the drive-motor shaft in such a way that it induces
‘]%IJIBEIB in a stationary coil with every revelution.
he frequency of these pulses is compared with that
of the 60-cyele control sienal. If the power supply
shifts more than 120° in phase with respect to the
Eﬂ-n}trlclle conirgl signal, a buzzer sounds,  An oseillo-
craph iz used to determine whether buezzer warnings
indicete oscillatione or actual gein or loss of cyeles
With these safeguards in operation, the drive speed
i taken to ba 1.800 rpm without error.

The displacement of mercury by the piston per
driveshaft turn wes determined by advancing the
piston through itz stroke in steps, catching and
weighing the mercury displaced in each step. For
thiz purpose a revolution counter and g divided drum
were attached to the drive shaft, permitting rendin
of intervals to £0.001 ture. The mercury 16 ejecte
through g delivery tube atiached to the mercury line
from the cylinder. Thia tube, similar to thoze usad
m ice calerimetry (3], was mnde by blowing a small
gpherical bulb ot one end of a glass capillary tube.

his hulb waa then groumd off in & plane perpendic-
ular to the axis of the tube until the wall at the
bottom was just broken through, With such a ter-
minal configuration, the tube heing mounted verti-
cally, the mercury thread tends to break, leaving the
bulb full, and vamations in the delivery of mercury
aTe minimized.

The emallest interval into which the total stroke of
the piston can be divided is governed by the precision
wth which the mercury thread in the delivery tube
can be broken, and the constancy of volume of the
somewhnt clastic evlinder and conmecting tube. Fe-
peated measurements of the mass delivered by the
piston over a short part of its stroke showed a
standard deviation of 3 mg from the mean.

_The totol delivery for & complete stroke of the
piston 13 109 em®* (1,470 g of mercury). The drive
shaft makes 2,700 turns in driving the piston through
thig distance. For calibration, the totel stroke was
divided into 20 &pgmximat&l}r equal intervalz, each
correzponding to about 135 turnz of the drive shaft
sond a displacement of 73.5 g of mercury. In each
interval the injector was driven under power for the

reqaired number of turne and allowed to eoast to rest,
Tle next intcrval was begun frem this point of rest.
In this way the slack in the drive was always kept in
the same direction, minimizing wvariations arising
from play in the driving gears and screw. The deter-
mination of the exact length of a particular interval
in terms of number of turns of the drive shaft was
obtained from the difference of two readings of the
counter and divided drum on the shaft. As each
reading was made to +0.0G1 turn, the length of aach
interval could be determimed to +0.002 turn, or 1.§
parts n 100,000.

The increments of mercury were woighed with an
accuracy of about 0.3 part in 100,000, .

The mean ratc of delivery for the entire stroke,
expressad 59 mase dieplacement of marcury per turn
of the drive shaft, was caleculated by summing the
maeses of mercury delivered in all of the intervals and
dividing by the total number of turnz for the com-
pleie stroke. The uniformity of the rate of displace-
ment througheout the stroke was obtained by & com-
parison ﬂfuﬁm mte caleulated for ench interval with
the mean rata,

The first calibratione of the injector indicated that
rate of di=placermnent was not constant throughout the
entire stroke of the piston, being mere uniform dur-
ing the sscond half of the stroke. As a consaguencs,
ooty the sccond half of the pislon stroke was em-
ployed in the earlier mensurements.

ix calibrations were completed prior to 1941,
five being made with the injecior at 30° C and one at
36° C. s mean retes of delivery oblaiped in these
calibrationa for the portion of the stroke used in the
flow neasurements (intervals 12 through 19) are

iven in table 1. The rates at 35° € were computed
roml the rcalibration: made at 30° (1, usi
37.8210%°C aa the cubical coefficient of therma
expansion for the Ketos steel piston [12] aad
181.0X10°4°C for the coefficient for mercory. (See
appendix A.)

TasL® 1. Main ingecior colibroliors, March 1837 Uirough
Jaruary 1940
M ivery ot saiboatan
VET ) ] H La o
Calibration Trte trmperitnre— aehi
ak 388
I men
[If&uﬂ'ﬂ. itlan
AT L1 1. Senh
g il ]
Elrds S LR
Eir s | ST T
[T I SRR
1540 Jiiim s y¥E )
................ 1h i

Deviations from the mean rates of delivery for ench
calibration ara shown in table 2. The computed
standard deviation from the mean of a given calibra-
tion is piven, and the standard deviation from the
mean of each intarval is given for the six calibrations.
On the basis of the experiments with the delivery tube




which showad s standerd deviation of 3 mg of mer-
cury a8 previously stated, the deviation to be ex-
?E'Btﬂd from this caues would be 44 parts in 100,000
or intervala of this size, It is seen that the devia-
tions in the first four calibrations are about twice this

t and are over 10 times a3 larpe in the last two.
muat be concluded then that veriations in rate of
delivery do exist nlong the piston. Thera are also
real variations from calibration to calibration, espe-
cially in the last twoa. The relatively large changes
between the fourth, fifth, and sixth may have been
cauged by slicht shifts in the packing pland. These
variatione are not coneiderced scrious as the agreement
betwean the mean rates, as shown in table 1, is very
geod for all six calibrations, and short-perind veria-
tions alony the stroke of the piston tend to be into-
grated by the maoomeater.

TanrE 2. Demalions &n perts per 100,000 from he med raie

of delivery for each exfibration
Calibrathon d.ervwhlim
Interyal BT
1 2 3 1 5 & | interemt
1 -1 —3 | +8 —5 | -5 | 413 12
1 +3 | H8| —1 H | 4+ —5 +I7
M -2 -5 | 44 —1 | —5& | 3 +3m
15 5 -2 | 45 +3 +1 | 418 XK
i 1 =7 —& -1 | +52 | —m 457
17 ~17 | —m — 43 | —m | 411 4
1A -z +1 —1 +5 | -1 | —5L -
T +2 4+ +3 +i —E | —1% +B
Etandard
deviatlom. | L@ 48 | 45 48 | e | =

It should ke pointed out that the variations in the
sngaml;ion of the mercury at the end of the delivery
tube enter only twice in the determinations of the
mean rates given in tabls 1. A deficiency in delivery
ut the end of 1 interval results in & high delivery in
the following interval, and only the start of the firat
and the end of the last interval have any effeet. The
expected deviation from this cauee is thus reduced to
4+ 0.5 part in 100,000 for the portion, of the plston 8
in z long.

The eatlier flow measurements (series I and 1T, to
be identified later) were made with this filling
with the injector thermostatted at 35% C, and ratea
of flow in the viscometer wera based on the value of
(.54358 pftiwrn, which ia the mesn of the valuez given
in tahle 1.

Following thase calibrations, work on the projeck
was interrupted until Jan 1847, When the work
was Tesumed in January 1847, the laboratory wuas
air-eonditioned. This made it possibla to thermoatat
the injector atb 30° ' instead of 35° . After the
injector hnd bean dirsssembled, cleaned, and refilled,
three calibrations of the rate of delivery of the in-
jector at 30° C were completed befora meking flow
measurements, Thesa daia indicated that the wsafal
part of the stroke of the piston could be extended to
mclude intervale 5 through 19 without sericusly
affecting wniformity of delivery, Consequently this
longer portion of the stroke was used for the later
magzurements.

Bix ealibrations were made in 1947 and 1948 on this
filling of the injector before the injector was again
refilled. The results of these six calibrations are
given in table 3. In calibretions 10, 11, and 12, the
gtroke of the piston was nolb interrupted at the end
of each interval, the total delivery of the injector for

intervals 5 through 19 being collected and weighed
in one bulk. The weighings of theee relativel ]garga
quantities of mercury were made by the Mass Section

of the Bureau with an accuracy of 1 part in 100,000.
No significant difference was apparent in the mean
tate of delivery ae determined in bulk ss compared
with the calibrations by intervals,

TABLE 8. ulthrations witk second ftling of injeclor

Callbration Date

* Calibeations not made by Inorements,

The devistions for calibrations 7, 8, and 9 are given
in tabla 4, are seen to he somewhat lar
then those for the first four calibrations with the
Lnit;:]l E"Ei]]mg but are much smaller than these for

® .

TAELE 4. Second filling of tnfector
Deviatinns o parts per 100,000 from mean rate of delivery for ach calibraltim

Calibmtion Bimtidand
lavimlon
TIntervel ench
7 ] 2 intarra!
B —8 - +3 E 1]
[ S —1 —2% —13 =14
— - —3 -3 =17 =i
;N =+7 -+ —1 =11
| —18 —1% -3 +d
[ | 13 13 +13 &7
AR B
13 ae-a- 3
19 e S 0l e
T I -3 +5 -3 -
16. - i 13 14 &5
W . - + +—i 5
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Flow series I1L and IV were made with this second
filling with the injector thermostated at 30° C, and
rates of low were calculsted by using the menn value
of {54302 gfturn shown in table 3.

Following the fourth series of flow tests, tha
injector was apain cleaned and refilled. The resulia
of the five calibrations made with this third filling
are given in tables 5 and 6. The deviations shown in
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table 6 are about the same as were found for tha
second filling,  The data given in table 5 indicate an
increase In the delim rate of about 7 parts
100,00 over the period of about a vesr and & half
rovered by these calibrations, This was Dot con-
sidered serious, and as with the previous ﬁ“inﬁ’, the
mean of the five calibrations wae used in cale l:irﬁ
the flow rates, The latest flow tests, weries
through XII, were completed with thia filling,
0.54386 pfturn being taken as the rate of delivery for
the njector,

TaprLe 5. Coltbradions with third flling of injeclor
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The over-all performance of the injector waa very
entiziactory. No significant changes in the mean
delivery rata were found even after the injector had
been idle for the period of 6 yearz between the first
and second fillinge. The mean of the six ealibra-
tions with the first filling was recalculated to in-
clude the intervals 5 through 19 and found to Le
0.54394 E,fturn. This result compares very favor-
ably with the velues of 0.54392 end 0.54386, which
were ohtained with the second and third Allings
respectively, and it is felt that the wmesn rates of
delivery used were known to somewhat better than
1 parct m 19,000,

3.3, Manomeatar

The genersl operation of the manometer has been
described above. Both arms of the manometer
are constructed of glase tubing, the ingide dirmeter
of which is 0.97 in,
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The lower ends are lgmund oL & tnper and cemented
into matehing stminless-stesl seata, which connect
to the mercury lines, as shown in £ 1. Thesa
connectors are mounted in a duralumin frame, which
al=o supports the upper paris of the mancmetar and
viscometer,

Tha ghort arm is about 3.5 in. high and is ground
at the top to fit a =tainless-steel cap which 18
gemented in place. The small tube that runs from
the gide of the cap to s ﬁf@-tightr valve situated above
the liquid level in the bath, serves to vent air from
the top of the short arm when the apparetus is being
filled with water. A weight, not shown in the
figure, bears on the cap 1o prevent ite being unseated
under presaure.

The lavel of the mereury in the short arm is
adjusted until it just makes contact with p fxed
stainleszsteel rod that projects downward from the
cap a9 shown. This l‘odpterminat.&s ib & point having
un ibeluded angle of 60°. Contact between mercury
and rod 1= determined electrically as described below.

Tha heights of mercury in the long arm are meas-
ured from a fixed surface plate ebove the mercury
by mesns of calibrated stainless-stesl depth gage
vode, which fit in p micrometer haad having & range
of 1 . These rods are ¥, in, in diameter and cover
the Tenge from 11 to 50 in. in i-in. steps. They
terminate in pointed tips similar to the tip of the
fixed rod in the short arm, The surface plate ia
bolted to the duralumin frame, which supports the
viscometer amd manometer. Tha depth gage is
clomped in a position directly over the long amm, as
shawn i the figure. (ilaszs fiats are used to insulate
the pape electrically from the surface plate. The
rods pass throogh & hole in the steal plate and enter
the long arm, which extends shove the liquid level
in the viscometer bath.

The electric circuit in each arm, used 10 locatas
the mercury surface, consists of a 1.5-voli dry cell,
& 30,000-chm resistor, and a microammeter, all in
sories with the contact. With pointed tips on the
rods and reasonably clean mercury-water interfaces,
the mercury does not cling to the point, and contact
in sharply indicated. It wns found essential that
the ﬂ]:utential of the rods be nogative with respect
to the mercury. When the rod 13 mede positive a
noneonducting Jayer iz immediately formad. Xven
with negative contacts, some electrolytic sction takes
El&ce, and if the current is left on too long (zeveral

ours) & troublesome precipitate may form on the
mercury surface. It 1= nob necesgary to inaulate
the rods from the water, For convenience
matching the contaciz in the twoe arme, twin miero-
nmmeters having 50-ga scales are mounted side-by-
aida.

The long arm is mounted as nearly vertical as

ozsible, and the surface plate is carefully leveled.
E]cvcrthelesa, the rods did not always moke contact
with the mercury in the center of the meniscus. In
these cases the rods were rotated in the page head
entil & minimum micrometer reading was obtained.
This proccdure was followed during the first three
series of flow messuremcnots. Thereafter the gage




rod in use waa provided with s brass centering disk
fastened nesr ita tip. This disk has a diameter of
8 in, Thuz the tip was constrained within a ¥-in -
diameter circle at the center of the mereury meniscus.
Calculation of the shape of the mercury meniscus
11] indicates that the error in locating the apex is
not more than 0.0003 in. with the tip ao restricted.

Liosa of seneitivity in the long arm was encountarad
occasionslly when the meniscus became contami-
nated with foreign matier, This surface was cleaned
by applying vacuum fo a ]ogﬁ glase tuhe that was
ingeried in the long arm unti! ita tip just touched
the mercury surface. )

It 8 eatimated that the height of the column of
mereury in the manometer mey be measured with a
precision of (LO005 in, or better over the ranpe of
0 to 40 in.

The suxiliary apparatus for manipulating the
mercury in the manometer system hes been men-
fioned previously. Cloarse n.dtiust-ment of the mer-
cury in the long arm is attained hy forcing mereury
from the reservoir hy gas preasure applied through a
connection in the pus-tight cover, as shown m
figure 1. ~ Fine adjustments in either nrm &re madoe
with the mapometer injector. This injector is
estentielly similar in desipn to the main mercur
injector. It has n ¥-in, pwton fixed to & 12-pi
Aeme screw. The piston is driven manually through
& worm and gear having a 40-t0-1 ratio. One turn
of the hand crank on the drive shaft raises or lowera
the mercury level in one arm by 0.0012 in.

The ¥alves in the steel valve block are of the plug-
and-barrel type. The rotating plugs are Ketos steel
cylinders, hardened, ground, and lapped into hard-
aned Katos steel sieeves held in the mild steal bady
of the walve block. In the open position, %-in.
iransverse holes through the plug and block are
brought into alingment, In tha closed position
reliance i3 placed upon the wvery small clearance
between plugs and sleeves to insure mercury tight-
ne=s, The valve stem= pass through vacuum-tight
packing glonds, which permit evacuation of the
system for filling with mereury.

The first step in vaing the manometer is to obiaip
the manometer zero, which i & messure of the
vertieal distance hetween the contact point in the
short arm and the surface plate on which the microm-
eter depth gage head resta.  With no flow of merenry
into the entrance roservoir of the viscometer, the
manomater will come to equilibrinm with the mer-

&t the sama level in each arm. Merc is
added to the manometer syatem until this equilibrium
is renched at. the lovel of tha contact in the short arm,
The mercury lavel in the long arm is then measured
from the surface plate, using the longest rod in the
depth gage. The micrometer head reading for this
condition 18 4 measura of the desired vertical distance
and is called the manometer zero. 'This reading is
deaignated by M.

Ta abtain tha heiﬁht of mercury in the manoroeter
for & given flow condition, mercury i= forced into the
long arm until it stands at its anticipated height.
Then, with the main injector running and water

flowing through the capillary at the desired rate, tha
two arms of the manometor are opened to each
other. Morcury iz added or withdrswn from the
manometer gystem as necessary until equilibrinm is
reached with the merenry in the short arm at the
level of the contact point. © The mercury then stands
ae shown approximately in figure 1. The distance
from the surface plate to the level of mercury in the
long arm is measured by mcans of & gage rod of
auitable length. The micrometer head resding for
this condition is desipnated by Mgy, The differential
height of merewry in the manometer is calenlated
from the difference between this reading mnd the
manometer 210, The height of mereury ks equal to
Ay minus Af; plus the difference in length between
ihe longest gage rod and the particular rod uwsed in
ohtaining M.

When the differentisl heights of mercury are
measured in this manner, the actua] lengths of tha
5&. ¢ rods need mnot be known, and hence only

ifferances betiween the longest, which is used in
nbtaining the manometer zere, and cach of the other
rada are deterined.  As it wes nob practical to cub
the rods auch that the differences in [ength were in
steps of exactly 1 in., this was closely approxi-
mated, and the aectual differences were mensured,
using Hoke gage blocks. Thesa calibrations wera
repeated as often as was neceaaarf' to follow the
changes in the lengths of the rods. It is felt that tha
corTections were knowmn to within at least 0.0004 in.,
The results of these calibrations are given in detail
in appendix B.

3.4. Viscomaler

The viscometer iz arra:{ged &8 ehown in fipure 1.
The capillary i= meounted wvertically between two
terminal chamhbers. Terminal pieces nre perma-
nently cemented to the ends of the eapi with a
phenolic elastomer (Permacel JX-5). outer
surfaces of the terminnl pleces are conically ground
to fit the tapersd joints in the hemispherical ends of
the chambers, a& shown., The ia joinie ere
sealed with Apiszon, Hard Wex W to insure wator
tighthesa and permit the interchonging of the
different cepillaries used in the viscometer. The
lower, or entrence, chamber is constructed of glass
ond is about 2.2 in. in dismeter snd 4.5 in. high.  Tts
lower end terminates in a tapered joint that is
comented with tho Hard Wax W, to the end of a
fitting conneeting to the mercury ling from the main
injector. The wax joints are coated with an auvto-
mobile gasket shellae to protect the wax from the
solvent action of the bath oil. The exit chamber,
alsa of glass, 1= about 1.7 in, in diameter and 4 in,
high. It is connected by glass tubing to both the
reservoir and the long erm of the manometer, Be
shown. By this means the same water level iz main-
tained in both the viscometer andd manometer. The
capacity of the reservoir is sufficient to accommodate
the volume of water that is displaced through the
capillary by a full stroke of the main injector.

n thiz sy=tem, an incresse or decresse in the
height of mercury in the short arm of the manometer




requires g corresponding How of water out of, or
into, the short arm through the side tube connecting
it with the entrance chatnber. Thus, until equilib-
rium ig reached, the rete of flow of water tlrough
the capillary will not correspond to the rate of flow of
mertury into the entrance chamber, but st any time
will depend on the pressure indieated hy the differen-
tial height of mercury, &, in the manometer. H g is
the rate of dow through the capillary nnd & is the
rate of flow of mercury inte the entrance chamber,
it can be shown that ¢ approaches @ as & approsches
tﬂc limiting value corresponding to flow ¢ through
the cepillary.

Ap tﬁmre is flow through the tube connecting the
exit resarvoir with the long erm, this tube offers
20MLe ¥I2C0UA resistance in series with the capillary.
It can be shown that the pressure drop through t?n
caB plos this connscting tube is given by
.’a} ea—Dw)g, where Iy, and Iy are the densities
of mercury and water, r tively, and g is the
aceeleration of pravity. pwover, neplecting for
the time being the small viseous resistance offered
by the connecting tube, and ueing cnly the relatively
large firet terin in eq 3, we can write

- Byllt+nr) o
y b= e Du— D ° (19)
S"lﬁ'l"n-?'] =k,
wri{ Dy, — L)y
eq 1 ie rewritten
A
g=r (11)

For the condition where ¢ i= not equel to @, the
flow of water into or out of the short arm of the
manometer is given by A(1/2)dhfdl, in which 4 is
the cross-sectionsl area of the manometer tubing
and dhjdf 18 the rate of change of pressura head.
The total flow may then be expressed as

k., Adh

rtra az
Integrating wnth ¢ constant gives
.

h=kQ4C e *4, {13)

in which ' is 5 constant. This equation shows that
the height of mereury in the manomaeter ppproaches
a value corresponding te flow @ through the capil-
lm?', being precisely £Q at infinite time.
n practice, the manometer is preset to approx-
mately it final height and then allowed te approach
iﬁﬁfreciﬂg equilibriurn valun, The flow time until
| readings may be taken depends on the acourmcy
attainable In messuring the height of mercury in
the manometer.
Letting Ahy represent the amount by which &
difere from & at the start of flow snd Afk, the dif-

ATI1TO——t—3

ference after time ¢ has elapsed, we can wnite

|2

A
ﬁ—"_,:—*:=a"“, (14)
from which A 2,
A
=" n (ﬂ—ﬁ' - (15)

Thua, through use of eq 15 one can calculate the
tiﬁ;&hrequi te reduce AR to any daesired fraction
a e

The resuliz ere given in table ¥ for esch of the
capillaries used. ese times sre designated ns
time constants of the manometer and are showa for
various values of the ratio Ak/Ak, The capillary

ﬂfﬂignations viven in the table will be identified
ter.

Tasus 7. Manomefer ime conslonts in minudea

al, Capllinry

ak | A 14 | 14e
T T 1 *
WA I 18 H i ]
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It is evident that with time constants of the mag-
nitudes shown i table 7, poriedic variations in @
resulting from imperfactiona in the change gears and
imjector delivery will not introduce appreciable error
in the measured pressure,

As mentioned hefore, the measurad pressure in-
cludea the pressure drop through the tube cﬂnnect.in{g
the exit reservoir and the long arm, If P is the dii-
ference in prassure between the end reservoirs, Iy ia
the length of the connecting tube, rp iz the radins of
the conuecting tube, B iz fho cross-sectional sres of
the reservoir, and the other symhbols are as befors,
it 1= seen that

HDw—Dg—P[ 145 5 (535)} 4o

1
P=iPu— D | —— ] (17)
[‘JFTT*,(ATB)

The ecalculated value of this factor by which A (fh,—
Dalg must be multiplied to give the pressure dro
acrozs the capillary alone is sa follows for mﬁ
capillary used:

or

Cepillary Facior
-3 U (. 09005
T . IR0
| Y E— mmraTmimrEEmE - mm = . Dauoy
d4a . . 90090]




While these corrections ara insignificant relative to
the precigion with which the manometric messure-
menta were mada, the sorrections were applied.

3.5. Temperature Control

The oil bathe by meane of which the temperatures
of the various parts of the apparatus are majntained
conatent consist of metsal tanke insulated with A mini-
mum thickness of 3 in, of ground cork. Inside each
tank and close to the sirde i3 u vartieal stirrer tube 6 in.
in diameter axtending Irom above the ail surface to
a point a few inches above the hottom. A propeller
on an axiel shaft in the tnba draws oil fram the bath
through s port just helow the oil level and discharges
it into the tank near the boitom with sufficient veloe-
ity to keep the main body of oil in fairly rapid mo-
tion. Klectric heating epils and mercury-in-steel
thermoregulators, annular i form, are mounted, one
aebove the other, in the stirrer tubes in such fashion
that oil flows down cver bath thair inner and outer
surfaces.

The viscometer bath s held at 20° O by artificial
cooling. 'To eifact this cooling a tank of Hght oil ia
maintained at 15°+0.1°C by a refrigeratin%ls retem
in cenjunetion with sn sutomatically eontrolled elac-
tric heatar. The oil from this tank is pumped at a
ateady rate through a goil in the stivrer tube m the
vizcometer bath, and the temperature is controlied
h?' & thermostatically regulated heater. This aysiem
of temperature regulation wae used during the first
two zeres of fow messurements and provided eontrol
to 0.004 de% C. Following theso feals the appara-
tuz was idle {for 6 years, en work was resytoed,
it wa= fonnd that thia thermoregulator wea insensi-
tive. Fuor the latar flow measurements this bath was

controlled by manual regulation of a varighle trans-.

forrner. Although tedious, the control waa of the
order of 0.001 deg C. As the viscosity of water
changes by only 1 part mn 10,00 for a tempersiure
change of 0,004 deg C in the neighborhood of 20° C,
this control was more than adequoate,

The main injector and auxiliary bathe were helg
above room temperature, and therefore no artificial
cooling was requirad. The injector bath was found
to held ite teroperature consistently to --0.002 deg
., The thermoregulator in the suxbary hath was
not designed to be as sensitive as the other two, and
the temperature contrel in this bath was 4+0.01
deg . Temperature variations of the magnitudes
found it these baths cannot affect the messurements
by as much as 1 part in 100,000,

Standard electric cireuits were used with the
thermoregulators, BSteady currents throngh the
henting coils, not quite autficient to maintsin temper-
aturs, were pariodically sugmentsd by intermittent
currents econtrolled by the regulators. By means
of motor-driven varigble resistors, the steady cur-
rents were automatically adjustad to changing room
temperatura, temperature diatribution in bath msuola-
tion, and line voltage,

Two thermometors were uged in the viscometer
bath, one at the level of the entrance chamber of
the viscometer and the other at the level of the exit
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chamber, Tempernture gradients were so small
that readings on these two thermometers zlways
apreed within 0.002 deg C.

When How messurement= ere being made the
mercury leaves the injector at a temperature 10 dag
or more higher than that of the viscometer bath.
In order to bring the temperature of the mercury
close to 20 deg O before it enters the entrance
chamber of the viscometer, oil is pumped from the
viscometer bath through a copper jacket placed
sround the mercury lina.  The returning oil 15 dis-
charged into the top of the vizscometer hath atirrer
tube, and hence ita effect is fo improwe atirring
rather than to inerpase temperature gradients
throughout the bath. E=xpeniments were performed
to measure the effectiveness of the precooling of the
mereury entering the viscometer. A thermometer
was introduced into the entrance chamber through
tha ground joint normally holding the capillary.
With the viscometer bath at 20° C and the main
injector bath at 35°C), the temperature of the water
in the chamber was measured at various rates of
flow of mercury intoe the chamber. Ewen at the
highest rates of flow used (0.25 em?fser), no measur-
abla temperature difference hetween the waterand
the bath liquid wae observed.

Temperatures were messured with platinum re-
sistance thertnometers ahd a Mueller thermometer
bridge. The thermometers wera calibrated aeveral
times at the steam end sulfur points, snd more
frequent readings were taken at the ice point or
triple point of waier, Ewery 2 months, or oftener,
the bridge was calibrated In terms of a 10-chm
secondary standard. Regular calibrations of the
gstenderd were made by the Resistance Messure-
ments Section of the Bureau. It is believed that
temperature measurements were made with an
accuracy of +0.001 deg C.

4, Capi]_.lqries and Thair Meazurement
4.1, Salecticn and Preparation

Flow measurementa were made with four capil-
laries. One length of capisllary was gelected in
each of two diameters, and, after messuring their
dimensions and making the necessary flow mensure-
ments, they were cut in helf, and the messurements
were repeated with one half-length of each tube.
In this manner flow data were obtained on two pairs
of capillaries, the tubes in each Ea,ir being close to
the same diasmeter but having different lengiha.

The capillaries were selected from FS Frecision-
Bore capillary tubing obtained from the Fish-
Schurman Corp. The first selection was made in
1938 from thres tubes of Jena Duran Glass 3881-111
having external diameters of sbout 5§ mm and
internal dismeters of about 0.5 mm, The ua:pﬂ]aﬂ
gelectod was oumbered 2.5 and the helf-langth, whi
wae later cut from thie tube, was numbered 3.5a.
Thres mare tubes were cbtained frem the same com-
peny in 1947. These were of Pyrax and had about
the seme external diameter but had a bore dismeter
of 0.4 mmn. The capillary chosen from this stock




wits designatod s No, L4 and the half-length as 1 40

The tubes swere ehosen for uniformity nmd stralzhi-
ness of bore oand freedom Trom blemmshes.  The
charneter of the innes durfises was expmined aonder
o microsoope with the bores Glled with water, whily
the exammation for uniformity of bore was made
with the tubes mercury-fillsd.  The woiformity of
thi tubes was such that the selection could be mado
from the Aest Tew abtamed

An unused length from the stock of Jena glass was
gictioned poart woay wlong itz bord in such 4 way ns
to expose the surfaes of the hore for expmination
A portion of the pxposed surfnese was photogenphed
nt g moentfication of <200 and 1= shown in fgare
. N

This ssetion s tepical of the surfaee of the boee of
capillaries 2.5 and 253, The surfacs shown in
higure 4, B s typical of the Pyrex capllaries 1 and
1.4, It 15 seen that both of these surfnees wro
chiraetvrigsd by many longitiadinal grooves,  Thess
erooves vary i width hetwoen about, 0.002 and 0,008
mm and are considerably less doop than wide.  The
Pyrex copillories are singulady [rée Tron very many
other markings. The Jens capillanes hove regons
ol pire and elevations supermposed apon the grooyed
markingd, All of thess surface murkings are
smull i relation to the dwmeters of the capillones,
however, that it s believed their viscometrie effects
caniat iy Serious;

To examine for unilommity of bore the meroury-
filled capillary was immersed in oil having the same
incex of refenction a8 the glass.  Thnmeter mepsire-
ments were made with o microscope having a flar
teroeier l'_l.=1'|1i4'+'r'. Such  mensurements wers
oo ot points spacisd 5 oemoapart, exeopt that the
Points Dedrest tha two ondds of a tube were talon 1
e from Lhe end,  Mensurements were made af
pach point in four radinl directions spooed 45 apart.
The results obtained with capillary 2.5 are given in
table 5. The micromeler eyepices wos not aecurately
cilibratid, and (heedlore the numbess i the table
arein |LI'|r1T|‘:||'.1..' units. The |I['I‘l‘i"|-'|llll. ol the measure-
ments was ghout 1 part in 300, The ends of this
tibe werd desipuated o= 1 oand 2, and the distanees
Lo the points ot which the diameter moasurements
were mde were bken from end 1
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It 15 =een that the maximum varation shown ||_"-'
Lhe mieasurements civen i table 8 4s only 1 pereent,

[ Tl offect of varintions of thisorder will be discirssed

later imder “Calibor corrections,

Similer megsurements made on capillary 1.4 are
riven in tabile 0. The onds of this tube wore nom-
]H'rl'il 4 J||'|r| b, ||:l|1| 1|!1' ||l:xh|1'|r1':- e manstred |'!'-"]'J|
enc 4. The bore of thig eapillary b= 2eem to be aliout
g uniform a5 that of capillary 2.5, showing @ maxi-
i varalion of 1.3 poteent.

Following this selection, the ends of the capillaries
were fitted with gliss terminnl pleces =0 that the
hores termiannte in creular planes | oem i dumister
The end planes of the tecminals were eroumd norml
18 ”m nxls ur' the bores llll.il 1|1|~:|:| |rn|:lt'-]:||‘ﬂ ratil g:rml
shnrp edees were abitiined ae the imtersections of 1
eylindeivnl bores with the tecminol planis

When the longer capillories 2.5 and 1.4 were out in
half, new terminal picees wore comentod at the eut
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wieks omly.  Thus. the shorter capillaries 250 nnd
I
l.4n |-.-u-|| hael ane new end and one el Teomm th

orherinial Capillnry 2

end mumbor 1 from capillsey 2.5,
wiis nambernd 3 =untlarly, l'.'||||||||r'.\ | 45 had the
orgimnnl end No, 4, e Dhe new ond was nombereed 6
These nambers will e used later in identifyinge the
direction of low Lhroush the l':|||i.||:||'i|':~ ||III.||:,; tlis
'I'."l"- MeRSUIeIne s

The crds of the bores of the |':L|_-|||.-1| W are 2lhoin
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from the vaouum systam, The mercury-filled tube
was mounted vertically in o well-atirred water bath
with temperature contro). A platinum resistance
thermometer was used to detormine the tomperature
of the water in the bath. ‘The upper end of the capil-
lary was allowed to extend about 4 mm shove the
water level, and on the flat horizontal =urface of
the end piece waa placed a small plasa optical flat
through which the suitably illominated end of the
bore could he observed with the aid of a magnifying
plasa. Observations were then made to determine
the exact temperature at which the bore wos com-
pletely filled. As the temperature was increased
the aves of contact hetween the mercury and the
aptical Hat iocrensed until the sres became equal
to the cross-sactionsl nrea of tha bore. The appear-
ance of the iaterlerencs fri between the flat
and the face of the end picce zided in determining
when the flat was in close contact with the face and
not pushed up by the mereury.

Having determined the temperatirs at which
the bore was just full, the bath temperature was
lowered until the mercury was no longer in contact
with the flat. The flat was then removed ind the
capillary taken oot of the bath wnd dried. The
mercury in the hore was then ready to transfer 1o
a small bottls for weghing. This wa=s accom-

lished by first cnrefullg removing the mercury
rom the seal at the clam end. The capillary
waa mouted in a position about 36" from honzontal
with the closed end high, and the clamp seal was
apened slowly ollowing the mercury te flow into the
welglhjnﬁ bottle. Occasionally the mercury thread
would break leaving n small filament of morcury
in tft]ie ﬁndhot' the f;uI_:re. This was rema}:.’ed by the
gentle application of air pressura at the opposite
end. _T!:I:a capillary wns then examined with &
mognifying glas2 to make certain that no mereury
remained.

Mesasurernents of the air Lempersturt made in
the region up to nbout 3 em ahove the liguid level
in the bath rhowad that, under the prevaling con-
ditions, the temperatures were about 0.5 to 1 deg
(' above that of the bath. This was found to be tha
case for bath temperatums between 20° and 31° O
for #ll room tefmperntures experionced. On this
hazia, the error in detormining the mass of mercury
required to fill the capillary, wtroduced by hot cor-
recting for the temperature of the 4 mm of capillary
exposed sbove the bath liquid, wes less then 3 parts

million for any of the capillaries used.

A further calculation showed thet the dilation of
the tubo and the compression of the marcury caused
bﬁr the pressurc sxerted hy the ‘eolumn of mereury
changed the mass required to Al the tube by not
more than 3 parts per million {or any of the capil-
Ierics. Thiz correction wea alzo neglectad.

As the capillaries wers to be used at 20°C, the
dimensions at thie temperature were required.

Ii Af, iz the mess of mercury that juat fills the
caeﬂ]m’}r at &7 C, Iy is the density of mercury st
20° O, a is the tempernture coefficient of linesr
expaneion of glass, 8 is the temporature coefficient

of denzity of mercury, a0=(¢—20), and ry and fy
are the capillary radius and length at 20° C, we can
write

Mo=rxr, (1+ adfihy (1 +add) Dy (1 —pAG). (18)

Also

M= xrislz D, (19}
in which My, is the mass of mercury that would be
required to fill the capillary at 20° C. Combining
eq 18 and 19, we can say, with more then rufficient
accuracy for the purposs,

My,
1+ {3a—pg) Al

Through use of eq 19 and 20, values of ry &re com-
puted corresponding to the measured quantities
& and Ay

The capillaries were cleaned prior to each nteasgre-
ment of the radive. The cleaning procedures in-
wvolved the discrect wse of either mitric or chromie
acids, followed by distilled water and drying mir.
When chromic acid was used, after the removnl of
the bulk of acid and leelimilmr}' ringing, the bores
wera soaked with distilled water for at least 1 hour
before the finel rinsing with water. The cleaning
agents and dietilled water, as well p= the drying asir,
were always passed through a sintered-glass filter
before being introduced into the eapillary. Radius
meganrenents mads ab varions times provide good
evidence that the sizce of the bores wera not changed
bg' any of these cleaning procedures hy any measur-
ghle amounta (gea table 117,

The wmeasorements of the lengths of tha four
capillarics wers made by the Gage Section of the
Bureau by comparison with Hoke snd gages.

The results are as follows:

Cepillary In

4% 726
24, 316
43, 28
22 524

1t is believed that all the figures given are significant.
The wai.ghjnﬁ of the gquantities of mercury wers
mede by the Masa Section of the Buyreau. The
details of the weiﬁhjnﬁ? concerned with capillary 2.5
are not known. For the other capillaries sach quen-
tity of mercury was weighed twice. In connection
with the weighings made on the fillings of capillaries
2,58 and 1.4a, a detailed study of the behavior of the
glass weighing bottlea vsad in the measurements was
made in the Maap Section under the direction of
L. B Mm:urgy.
in appendix C,
It was concluded that the maeses of the samples

The results of this study are given
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from the fillings of capillaries 2.5a, 1.4, and 1.4a were
known with an accutacy of £0.01 mg or bettor,
The enmples from the filling= of capillary 2.5 were
probebly weighed with eomparable accuracy.

In the czlenlation of Afy througl the use of :;11:1 20
the values used for & were those recommended b
the monufacturers. These valaes are 2.6 % 10-%°
for the Jema Turan Glasa 3881-111, of which capilla-
ries 2.5 and 2.5a are made, and 3.2 > 10°%*° O for
Pyrex copillaries 1.4 and ldm. The dcnsité}' of
mercury at 20° O waa taken aa 13.54589 g/cm? and
g aB 1809 = 10" Theee values were obtnined from
the work of Bentiio [12] fsce appendix A),

Five separate fillings of each capillary werc made,
the results of which are shown im tahle 1G. The
temperatures given are those st which the bores
were judged to be cxactly filled. The values of A
given for capillaries 2.5s, 1.4, and 1.4a are the means
of the two weighings made on each quantity of
malé?]ury. The values of My, are calenlated by using
eq 20,

TABLE 10. Comptulofions of mean rodii by the grotmelrs

method
ap-
it= Irate L] My Afu i rm
o ] r cm! o]
SINy4E | 1681 | 131312 1, 314 10
. S | 2018 [ 1313 1P 1.313°3
25 4 S1&ML | 1833 | L33 1,413 1#
SeML | 1882 | 3313 16 1,413 11
LML | D084 | I 31FRE4 1.313 05
oleicty o 1.313 14 | 6 331510 | & 5162 %100
NIVE) | a7, 019 | fogd 205 | L 6SS 103
151&'50 af S EE | _aEs I
i | MU AR Jd 13T | ow, GBS O5R
LroWED | B Sl ol | GEE EET
1023050 | dv. 12 Jopd | G0
™eam 1L AGE 113 | 5 Al
1 BE| 1A | 077
"E B.5 TS e
Lt i1 0 AMTE | LYID 3RS
11 O 1T IRE . Ti6 416
11 M EX T TR LTo HE
Mean____| QUTFS 420 | 4 0M05 20074
{ TS0 | BT.BE | 0,586 Bxh ) 0U38E TR
1/a6'50 | 32 38 il -85 T
1.4a 1 0. BT « 204 DG - i T3
103050 | 28 14 .30 ITT . 38 766
1(ZI/60 | 30.B8 H « 390 D52 . J&5 158
! Mean. | 0380 TSE | 4 0ME T OET

« Depevmtinatbone dessarded.

With capillary 2.5a the result of the third filling
ghows a deviatwn from the mean of the order of
10 times ar grent 8s the other four. This is also the
case with the third filling with eapillary 1.4. As no
discrepancies are found in the weighinge, it seems
evident that in these cases there was an unndetected
loss of mercury in the tranefer from the capillary into
the weighing bottle, and tha results of these two
filliogs were discarded. The values of 3, given in
the table were calvulated from the mean valuos of Mx,
for each capillary and represent the squares of tha
mudii of right circular cylinders of the ssme volumes
and Ieng-liﬁa as the capillaries measured.
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4.3, Mean Radii of the Cagpillaries by the Elechric
: Reziztanse Method

The gecond methed used for the precise determi-
nation of the menn radii of the boresof the capillaries
i8 based upon the electric resistances of the hores when
filled with mercury.

The elestric resistance, R, of & cylindrieal con-
%ucmr of longth {, radius r, and resistivity p is given
¥

. _P_‘E.
B g {21}
Ap tha resistivity of mercury is aecurstely known,
cq 21 affords a means of ealenlating the mean eross-
sectional arca of the bora of & capillary,

To adapt thizs method to the measurement of the
mean radii of the capillaries, terminal bulha
wera constructed with und, jeinta to fit the fer-
minal pieces of the capillaries. A caplllary with the
terminal bulbs cemented in place is shown mounted
n its sup}:rortin% frarie ih Bgure 5. The bulbe are
cylindriesl with hemispherieal conds and are 5 om o
with an internal diameter of 2.2 cm. Two tubes o
0.5-cm inside diameter ars brought uﬁ‘ from each
terminal bulb, a8 shown in the figure. The distanee
from the face of the terminal piece of the capillary to
the level of the side tubs in the upper bulb is 2.4 em.
The corresponding distance in the lower bulb ia
1.5 co.

For making a meazurement, the apparatus was
evaeusted anﬁ completely filled with double-distilled
mercury up te a level within about 1 em of the tops
of the four tnhes leading up from the terminal bulbs,
SPee.iaI electric connectors were placed on the tops
of the four tubes, as shown in tha figure.
connector was made from a short plece of plase
tubing sealed at the middle to soparate the two end
portions of the tube. A platinem wire waa
through the =eal to make slectric connection between
the end portions of the tube. The connectors fitted
loosely on tha tuhes leading from the terminsl bulba
with the platinum wires raaking contact with the
mercury in the tubes. The conhectors were filled
above the s seals with mercury, inte which the
copper lead wires to the resistance hridge were
dipped. The ends of the copper lead wires wera
amalgamated electrolytically, and the platinum wires
were Immersed in mereury for aeveral months before
usc. With these connectors good elactric contact is
made without contarninating the mercury in the
capillary with copper from the lead wires.

he resistance messurements wers made with a
Mucller resistance bridge. With the two leads
connected to cach terminal bulb, the procedure waa
similar to that wsed with 4 four-lead resistance
thermometer. The mean of the two readings taken
was the resistance of the mercury hetween the
branch points in the two terminal bulbs. This re-
sistance, corrected for the resistance in the terminal
bulbs, yielded the resistance of the column of mer-
cnry in the capillary bore.

It has been shown {see, for example, Maxwell [13])
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glass need not be Imown accurately for uvse in eq
24, because an uncertainty in its value of as much
ga 1 part in 32 will result in an vneertainty of enly
2 parts in & million in the value of 7%, as calculated
from n measurement made at 0° C.

The radius megzurem:ptz on a particular capillary
were always made at times mmbrecing the period
during which the capillary was being used m the
flow measurementz. Witk each eapillary, the agree-
ment among the differsni deferminaticns iz good,
and there ig no evidenee of eny trend with time or
use, even with capilary 2.5, on which messurements
were made during 1941 and later in 1947 and 1948,

4.4 Culiber Corrections

The derivation of eq 2, expressing the resistance
to the viscous flow of m liquid through & tube, i=s
based upon the bore having the shape of & right
circular cylinder. The eptical measurements of the
diameters of the capillaries used here have shown,
that they all depart somewhat from this id2el con-
dition. Consequently, s correction muat be applied
to & measured radius to secount for the difference
between the viscous resistance in the actual eapillary
used and in an_equally loug ooe of umiform circular
qrose gection. The determination of the mean radins
by the pravimetric method hes yielded the radivs of
& tight circular cylinder of Iength and volume equal
to those of the bore of the capillary. This radius
may then be corrected appropristely for substitution
ineq?. However, the resistance to fow of electricity
is ﬁso affected by the variable cross section of a
tube, Therefore, the radii of the capiliaries as
measured by the electrie resistance method must
first be corrected to yield the radii of equally Jong
capiliaries of uniform cross-sectionsl aress ang then
be corrected again for substitution in the eguation
for the resistance to viscous How. . ]

In estimating the magnitudes of these corrections,
the data given in tables 8 and 9 are used for describ-
ing the metual =hapes of the capillaries. Various
inveal.i%_utions of the effecte of conicality and ellip-
ticity of bore upon viscosity messurements have been
n'wdz:;, but the above data on thess tubes show that
they cannot be considered conical. Their cross
sections are irregnlar snd rcsemble an ellipse in only
a fow places. The tubes are therefors treated as
cireular in section but with the ares of section vary-
ing along the tubes. The mean of the diameters
meastured in tha four radial direciions at s particular
point is taken as ihe dismeter of the assumed circular
section ot thet point. The mean diameters at the
pomte measurad along capillariez 2.5 and 1.4 are
given in tables 12 and 13. The aress of section S
caleulated for each measured point are alse given in
these tables. Since snly arbitrary units are used, &
is taken equal to 4% and, for the present purpose, can be
pssumed to ba known exactly. Part of the data
given in these two tables aleo apply to capillaries
252 and 1.4a, as they were cot from the longer
capillaries 2.5 and 1.4. . .

g?i 6 shows values of & plotted against position
plong the tubc for each of the four capillaries.

These areas ara represented by the plottad
and the mean cross section for each capi
shown by u horizontel dashed line,

TakLE 12. Varigifons in cross-pectionst ares afong capiflary
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For one method of esleulating tho effects of such
varistions on the electric and viscous resistance
offered by & capi , the Bore is assumed to be made
up of 8 series of right circular ¢ hﬁhﬂdm, each having
8 croes-sectional areo equal to the volue of the corre-

nding plotted points and a length equal to the
dPD tanee betwoen points.  The ares of section iz
then assumed to vary along the tube, as indicated b‘j
the stepped curve. Suppose the ca;:ﬂ]&ry of lanﬁ
be divided into 5 soch mterva.ls of equal length {,,
Leat 8 ba the cross-sectional area in any interval and
5, be the mean cross-sectional area for the whale
tube, as caleulated by the relation S,=(1/Mm)ZS.
Then the resistance to the flow of electricity t.]:ml.gh
the variable cross asction is proportional to B(I/5),
ahd the electrie resistance offered by a tube of the
same length but having a uniform cross-sectionsl
area S, 13 proportional to I/¥.. From thesze rela-

tions the tage increasa in the resistance to the
flow of tricity of the nonuniform tube over the
uniform one ie given by

p —Ii8,.

—{”?3 S 100. (26)

For the laminar flow of liquids through the tubes,
the viscous resistance is proportionsal to Z(./5* for
the nonuniform case and to IS5 for a uniform tube.
In this ease the percentage increase in the viscous
Teaistance is given hy

irS

D Sk T
Tx 1010+

As an example, this method is applied to the data
on capillary 2.5 in the following way. The value of
& caleulated from the readings taken at the 5-cm
position is assumed to be the mesn for the 5-cm in-
terval from 2.5 to 7.6 cm. As shown by the steppad
curve in figure §, this is repeated for esch position,

iving nine 5 cm intervals covering the length from
2.5 to 47.5 em.  The two 2.5-cm lengths at each and
of the tirbe are combined to pive a tenth §-em interval
with & value of & equal to the mean of the arens at
1 em and 4% em. Theae data are then substituted

(27)

Similar procedures wers followed with the other
three capillaries, and the results obtained with all
four are =ven in table 14, The signe arve applied ss
follgws: The migne are such as o correct the square
of tha radius aa measured by the electric resistance
method to yield the square of the radivs of a uniform
tube, The signs of the correction for viseous resist—
puce are such as to correct the radiua, cslculated on
the basis of & uniform bore, appropriztely for sub-
stitution in the equatione for wviscous flow. Tt
should be moted that the corrections given in the
tabla aTa applied to the radius aquared in the electric
resistance measurements, whereas those for correct-
g the viscons resistanco ATE appl:ed to the fourth
power of the radius.

Tamie 14, Correclipns b0 electric and  vijoous  resfsiones
meastremanis ot 4 resull of nonuniformely of bere

Crererthons in pert: per
millen w
Capillary
Elactric Vizeous
Tealoiance | restatanos
- -
Eal -1
435 -1
+1 -3

It i3 2een in figure © that capillaries 2.5, 2.5a, and

1 & shuw ruughljr harmonic variations in 5.  Assum-

e of variation, intepration under these

curves :rm easantially tho sama corrections as those-
given in table 14.

Ag a third method of describing the variationa in
erea of soction, straight hines are dravm between the
plottad points, and the integration is performed under
these i ar curvesd., As would be ted, this
method usuvally leads to somewhat cortac-
tinns than thoss cbtained by the other two treatmants.

The only case where these corrections are of any
significance ja the correction for viscous resisiance in
capillary 2.5, This correction was applied by using
the valus given in the table.

A summary of the measurements of the dimensions:

in #q. 26 and 27 to give the desired corrections. of the four capillaries is given in table 15, The valuss
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of the radius squared, as obtained by the two in-
depandent methode, were waighted equelly, and the
mean value was used for each capillary, It iz zeen
that in each cmse the ent betweep the two
methods is very good. The maximum discrepancy
oceurred with eapillary 2_5s and is only about 1 part
in 10,000,
8. Viscosity Determinations

The viecometer was assembled and filled for the
first senes of tests at 207 U in the foll of 1940, The
measurements made with this filling were designatad
as series I.  In this seriea seversl independent obaer-
vations of the pressure drop throngh the capitlar
were made at each of four rates of flow, Ea.cg
measurement of the pressure drop corresponding to
a particular rate of flow was assigned a run nember
mm the order in which it was obinined within the
series. In genersl, check runs &t a given rate of
flow were separated by measurements made at other
rates of How in order that the observations in a given
run be as independent as possible of tha influence of
a preceding run. A similar procedure was followed
each time the viscometer was filled, and & new roman
series number was a=signed to identify the icular
filling. PBetween fillings the viscometer and manom-
eter were disaszembled and thoroughly cleaned.

The series T teals were used primarily for develop-
ing operating techuwiques and acquiring experience
with the apporatus. The results of this series are
therefore not considered as reliahle as those of the
succeeding 11 flow series and are hot included in the
final caleulations, As A conzequence of these pre-
liminary flow tests, the experimental procedure that
finally evolved is as follows:

After g=sembling the viscometer and manometer
somea mercury is injected into the entrance chamber
of the viscometer and both armes of the manometer.
Freshly distilled water {rom a laboratory still iz
introduced inio the system through the open tube
at the top of the overflow reservoir until tha desived
level is reached. Trapped wir is removed by working
the main injector end forth through its stroke,
The pir trapped in the top of the short arm 15 forced
out through the bleed tuba (shown in fig. 1} by a
forward stroke of the injector. After all of the alr
18 removed and the tube iz filled with water, the
gas-tight valva at the top end of the tuba is shut off.

All of the baths are adjusted to their proper tem-
peratures, and mercury is introduced ints the short
arm of the manometer until the propar height is
indicated by the fixed electric contactor. The
longeat of the gage rods, number 50, is then fixed in
the depth-gape head, inserted in the long arm of the
manameter, and the gage head is clamped in posi-
tion. The gage head is set st its expected readi
for the “‘manometer zero”, and mercury is injecte
nto the long arm wnbil proper contact 1= made with
the tip of the rod. The two arms of the manometer
are now opened to each other. Any chenge in the
height of mercury in the long arm with time is
observed, and mercurﬂr 12 added or withdrawn in
sufficient quantity so that when the fina] equilibriom
position is established, the mercury in the short arm

makes proper contact with the fized contactor, and
the level in the lony arm iz at the same height. In
judging when thi= equilibriom position is reached,
dus considerstion s given to tha time consiant for
the particulsr capillary being used. These adjust.
ments and readings of course are made when there
iz no flow of mereury from tha mein injoctor into the
entrance chamber of the viscometer.  The head read-
ing of the micrometer for this final eqailibriom
condition i referrad t0 ws the “manometer zero'
and is desipnated by M. .

Manometer heights under flow conditions are
meg=ured it & similar manner. The change gears in
the main injector drive are selected to give the de-
gired rate of flow, and the mercury in the long arm of
the manometer is preset at an expected height, usin
the page rod of proper length. ‘The injection
mercury inte the entrance chamber of the viscometer
is started, and the two arms of the manometer are
then opered to each other. Az in determining the
mancmeter zero, mereury i3 added or withdrawn
until the quantity of mercury in the manometer is
such that the merecry level & at the contactor in
the short, arm when the equilibrium Ereasum for-
responding to the particular rate of flow through
the capillary is reached. It iz often the case that
thiz condition iz not reslized during a single stroke
of the injector, In thesc casea the long arm of the
manometer iz shut off bafora stnpf)ing the main
injeetor. With the manometer atill closed the stroke
of the injector is then reversed, After the forward
strake of the injector ia storted & second time, the
manometer is again opened. In this manner the
stroke of the injector i3 repeated as many times as
are necessary to cstablish cquilibrium.  The reading
of the micrometear hoad for this equilibriom eondition
is desiznated by My This process comprises a run,
and A run nomoer iz assign Usually two or three
such runs, togather with & vepeat observation of the
menometer zere, can be completed in 8 working
day. In this manner all of the flow data on a single
filling of the viscometer may be obtained in about
2 weoks.

There i3 ne known reeson for measurable varia-
tionz in resdings of the manometer zero mads with
the same filling of the vizcometer, and any observed
differences in its value sre attnbuted to experimental -
€rrar. Conﬂ.el?uerntl}*, at the completion of & series
of Aow tests all of the observations of A are averaged
snd the mean value iz ysed in calculating the pres-
gure drop for each run. However, the value of A,
will differ batwesn different fillings of the viscometer
as & result of the dizmantling and reassembily of the
ghort arm for cleaning purposes,

When messurements are bel
oparator keeps & continusus ch on the temper-
ature of the viscomeier hath snd records the ther-
mometer readings every 5 minutes. Oceasional
readings of the temperatures of the other bathz are
taken, to he assured that they sre operating properly.
From theee records the mean femperatore in the
vigeometer bath is judged for each period during
which o run is being made.

made s serond
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In peneral, this procedure was followed, beginning
with series II, axeept for the following chengea:

{a}. In saries IT, readings of the manometer
depth page were recorded to 0.0001 in.  In view of
the general sonsitivity encounterad with the depth
gage, together with other considerations, the read-
ings in serles IIT and the subsequent series wera
regorded only to the nearcst 00005 in.

(t). As mentioned previously, heginning with
series IV, a centering disk was used with the depth-
gage roda for restricting the possible region of eon-

fact of the tips t0 a centrol ares of the mercury
INEOsCILS,
fe}. Iduring all of the experiments intermittent

elactric contact was observed between the gage rods
snd surfaces in the mancmeter. This was caused
by vibration of the atirring motor and pumps seso-
ciated with the thermostating of the viscometer bath.
During the first six sories the manometer readings
wera taken matching the fluctuations in the

of the microammeter in the long-arm eircuit wi
thosa in the short arm. It was felt that in this
manner the sffacts of these motions in the mercury
surfaces would be minimized. However, boginnin
with series V1L, after equilibrivm had been reached,
a8 shown by obsarvationa made in the above manner,
both arms of the manometer were shut off, and the
slirfing motor and other sources of vibralion wets
stopped. Readings were then taken with the mer-
cury surfaces guiet. The two methods of taking
the readi ueeslly yielded essentially the same
caleulated height o l;g?: mercity columh, Never-
theless, in & few instances differences as groat as
0.006 in. wore found. [n the cases where any dif-
ferences were shown, the readings taken with the
quiet surfaces were used.

The results obtained in flow series 11, 11T, and IV
with eapillery 2.5 are given in table 16. In the
first colomn thy arsbic number aceompanying the
sories number indicntes the and of the capillary
that was mounted as the lower, or entrance, end in
the viscometer. The rates of Bow @ were calenlated
from the calibrated delivery rate o the main injector,
‘together with tha gear ratios of the particular com-
binations of change pears used. The identical
ratios were used in series IIT and IV as were used in

IL, the differences in the values of Q Leiug & conze-

uence of the different delivery rates of the injector,
'cl'hﬂ injector was thermostated at 35° C for senas T,
and the mesn delivery tate shown in table 1 was used.
For series IIT and IV a longar stroke of the injector
piston was ueged with the mjector thermdstated at
30° , and the rates of flow were calenleted from the
mean rate of dalivery given in table 3. Io the third
columm of the table, values of tha Reynolds number
sorresponiding to cach rate of flow are given to
indicata the range covered in the experiments.
The values given for P, the pressura drop through
the capillary, are in sach case the mesn of severnl
rung at the particular rate of flow. The detailed
ﬁi_;lc]u}lationa of the values of I are given in appen-

X r

Using the data in table 16, the values given for the
viscosity were caleulated by means of eq 4. This
equation is squivalent to

P

—Q=G + 6@ (28)
in which
a-;s_;{l—i-nr}q
and -
WD

rt

Introduecing the measursd dimensiona of capillary 2.5
sod the known denszity of water at 20° C, and takin
the value of = as 0.57, the walues of 3 ware obiain
from the relation

7=3.2202 % 10" Xa.

Similarly, the wolues of m for the capillary were
calculated by tha eqguation

m=3.9635X10"%h,

The values of ¢ and § were obtained from least-
squares solutions of the straight lines represented by

gk, In these solutiona, ¢ waa assumed to he
without etror, and the correzponding values of P/
were welghted equally. These assumptions seem
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justified from the spread of the pressure data shown
mn tahles 26 through 36 in appendiz P, which indicate
that the pmbnit]:-ﬁ} nmumcgunf P is essontislly
.indeﬁendeut. of pressure, rthermora, the resulis
of the rgpeat calibrations of the injector suppeat
that & was IﬂWH..}"E known betiter than the corre-
sponding aquilibrivm pressurn, and hence ¢ was taken
as without error.

The ealeulated valnes of PHG wiven in teble 16
were obtained by using eq 28 and sybstituting the
values of & and b &s given for each series. The
deviatione of the obeerved pointe from the caleulated
straight lines are alsp given and serve to indicate the
constancy of m and » over the rates of flow covered.

With series IT and TIT the ohserved values of Pfe
are all withan 0.01 percent of the calculated line.
Diffarences of these magnitudes are atiributsble to
experimental error, and w1 and % are demonetrated to
ke constant within the aceurmey of the mesasure-
menta. The relatively larger deviations shown for
series TV are not explained, there being no known
reagon for questioning any of these data.

Tha =pread it the valuee of @ and & between the
three aeries waa taken to ba experimental error, and
therefors the values of 4 and m calculsted from the
mean values of ¢ and § are believed best to represant
the results of the flow measurements with this

capillary alone.

SBimilar treatments of the flow data for the other
three eapillaries are given in tables 17, 18, and 19
With these capillaries also there iz ne evidence that
m and » are not constant, the data being well repra-
sented by atraipht lines in spresment with eq 23.
With these capillaries also the flow data are beliaved
t0 bea represented best by using the mean values of &
and b 23 given in the tablea.

The caleulation of the viscosity by wsing the fow
deta with each capillary as an independent detormi-
nation, as i3 done in tables 16 through 19, may be
in error as a reanlt of the uncertainty in the choice of &
valug for the constant #.  However, a8 was outlined
previously, the eifact of an uncertainty in the value
of n may be rendered nepligible by simulisnecus
treatment of the Aow measurements with each pair
of capillaries. Taking capillaries 2.5 and 2.5a as one
peir and 1.4 sand 1.4a as another, the capillaries in
each pair have very nearly the same mdii but differ-
ent lengths. The dimensions and flow daie for
each pair can then be substituted in eq 9 and the
viecosity calevlated without aseuming a value for 5.
However, in meking the actusl caloulations eq 9 was
transformed somewhet.

If the leastequares line, based on the mean values
of & and b, best represents tho flow date for a par-
ticular capillary, that is equivalent to myingl that
the calculated value of PfQ at a particular value of

TavLe 17.  Resielte of fowe teste of 30° O with capillary 2.5
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best values of the pressure dropa through the capil-
laries for substitution in eq 9 will be those obtained
from the celeulated values of /Q. Toillustrate this
treatment, any particulor value of § may be chosen
that i3 within the rates of fow common to the data
on hoth capillaries in the pair, The velues of 2 and
b appropriata 10 the longer eapillary are substituted
in eq 28, and the value of P;’(S is calenlated for the
icular rate of fAow chosen. Multiplying this
velue of P/Q by ¢ gives the valua of P, the premure
drop t-hmugh the capillary. In a similar manner
the value of P; is caleulated for the shorter capillary
at the eame rate of flow. These valuez of the pres-
sure drops correspor<ling to the rate of flow @ in each
capillary are then substituted in 2q 9, together with
the caplilary dimensions and the mean veluss of m
a8 determined for the two capillaries.  The identieal
rezults sra obtsined more simply, however, by &
f:lj:ulatiun veing the intercapts grvu- the two capil-
ries.
In & manner similar to that in which eq 8 and 9
wera derived, it may ba shown that
i —aarg

L] [ﬂl—lz}-l-{mf-—ﬂzrz} ’

in which a; is the intercept in eq 28 for the longer
capillary, and e; iz the intercept for the shorter.
As before, if 7y and r; do not differ greatly, the quan-
l}it;l{1 {nary — a7y} may he neglected.
he values of the messured quantities in 2q 29 are
given in table 20 for each of the four capilinries. The
intercepts used are the mean values for each capil-
lary, a2 given in tables 16 through 19, The values
of the viecoeity s caleulated from the data for the
pairs 2.5 and 2.8s, nnd 1.4 and 1.4a are given in
table 21. These two caleulations reault in values
that cover shout the same rmange as the spread of
values obtained in the previous esleulations, using
cach capillary individually. For these two pairs it
is evident that the gquantity (smr—2g) may he
neglected.
addition, calenlztions were made Eﬂiﬁng capil-
lary 2.5 with 1.4s and i.4 with 2.5a. These results
are also piven in takle 21. The value of 0.57 was
used for both n, and n,, The megnitude of the
quantity (mg;—n.r) is small in comparison with

{29)
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{f,—&) in each easze, and therefore the caleulstinns
ara not serionaly affected by wneertamties in %, and
t;. The agreement hetween the valuez of the vis-
cosity a= caleulated through the usa of these four
poirs indicgtes an over-all consistency in the daia.

6. Discusaion of Results
6.]. Geaneral

* In work of this naturs, whera ihe result is de-

pendent uwpon so many individual Factors, it is
difficult to evaluste the finel result in terms of the
estimoted accuracy of each factor. It is helieved that
the error in e confributing measurement was
reduced to 1 part in 10,000, or better, except perhaps
in the measurcment of the equilibrium pressures leas
than 10 in. of mercury. As the calculakion of the
viscosity involves the extrapolation of the observed
data, howevor, the finul reseit would not necessarily
be this accurata,

The ealetlation of the viseosity by means of eq 20
probably represents the most reliable treatment of
the data, because uncertaintiea in the magnitude of
the constant » are minimized. The values given in
tabla 21 for tho results with the cepillary pairs



2.5+2.5n and 1.4+ 1.4a are completely independent
of the magnitude of #. The calenlations for the pairs
2.5+14n and 1.442.58, however, are given ecqual
weight, because the introduction of any ressonahle
valve for # will not affect the mean of thess two by
as much az 1 part in 10,000, The mean of the four
values given in table 21 ig

0.010019 4 0.000002,

where the deviation given is the standard deviation
of the mean.

The values of the vizcosity calculnted by eq 28,
ebtained by treating the data for each capillery
individually, and given in taldes 16 through 19, show
a apread from D.0M00I2 to 0010019 poise, with o
mean value of 0.010015. Thie would indicate that
0.57 is too high for the valus of v, By taking these
same data and assuming n=0 for all four capillaries,
the following values result:

Capillary ]

O 1Ke2S
L0118
. D117
- O1002]

The mean of these values is 0.0:019, which is the
same 48 was obtained in the calculations with the
capilleries in pairs. Altbough the sssumption that
=0 regultz in better uvm-lﬁ] eement m the eal-
culzted values of the viscosity, the measurements are
80 ingensitive for the evaluativn of 5, that no aceurate
eonclusions may be reached as to ita magnitude, It
is pertihent, however, to nota that the results of the
culstions with Eﬂ 2% given in table 21 are not
ignificani]y changed by taking a=0. For a=0 the
valvee of the viscosity caleulated by using capilleries
2.5 and 1.4& is increaged to 0.010023 poise, and the
valua derived from the pair 1.4+2.54 is reduced to
0.010017. Thus the mean valua remains the same
but the standard deviation of the mean is inereased
to +£0.000003. Im considerstion of this uncertainty
Enatht; walue of n, the heat reeult obtained from the
ta 19

To=0.010019 =0.000003.

No attempt is yaade to aszign an aceurate value to
the constant = on the basils of this work, as the
values of the slope b given in tables 18 to 19 may be
appreciably in error s a result of heating effects in

o capillaries. The incomplete dissipation of the
heai generated by work done egsinet viscous forces
resulta in & temperature rise in the flowing liquid.
The poesible effects of such tompersture Tises In the
eapillaries were inveat.]i.g‘{atad through the use of aqua-
tionz developed by Hersey [15] and Hersey and
Zimmer [16]. Their equations were expectod to
yield either too hiph or too low an affective tempers-
ture rize, depending upon what extreme conditions of

‘tions of the bores

" temperatura distribution in the capillary were aa-

sumeq., Caleulations based on these equatiohs show
that for any of the conditionz covered by these etLua-
tions, the valuss of the intercepts 4, as g1ven in tahles
16 to 19, are unchanged. Hence, for the purpose of
caiculating the viecosity, it is not neeessary to
attempt to evaluate the effecta of heating in the
capillaries,

n the other hand, the heating effects may have a
marked influence upon the coleulated values of m,
In fact, if cortain assumptions are made with regard
to the distribution of temperatures in the capillaries,
it is possible to account for the differences in the cal-
culated values of m for the four capillaries. As the
real dietribution of temperatuerss in the capillaries
under the particular fow conditions is not known,
no relianee 13 placed upon such caleuletions.

In sttempting to compare the value obiained here
for the absolute viscosity of water at 20° C with the
results of other observers, i is found that all of tha
earlier determinations are subject to eriticiem, and
therefore no good agreement is to ba expected. The
%hr?]:‘-.hmost rez&erﬂ: ﬁnigreiufl %Et&l‘mkjﬂatii}ﬂﬂl werg l:ﬁ:mde

¥ Thorpe and Rodger {17], Hosking [18], and Bing-
ham and White [19]. Their results at 20° O are
iven in table 22, With re to these results, it
ould be pointed out that none of these investigators
attempted t0 make their messurements with the ac-
curzey of the present work. Furthermore, with the
capillaries that they were able to obtain, the devia-
m right circular cénlinders were

large and in mozt casea not acenrately knowm.

Taere 28 Vigcosidy of waler ol #0° O by ofher invesligolors
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In ol three of the determinations referred to in
table 22 the viscosity was caleulated from the ob-
gerved pressures and ratea of flow by means of eq 2,
It iz seen that Thorpe and Rodger's value i in best
pgrecment, with the value of 0.010019 obtained here.
Seemingly, thiz iz simply fortuitous, as there is no
evidence that their determinetion was made with
preater accuracy than the other two given in the
table, They made no determination of m for their
capillary, and the value of 1.00, which they used on
theoretical grounds (probably not sound) is lower
than most sxperimentally determined values. They
wera not convineed of the existence of the length cor-
rection involning the constant r, and hence assumed
that a=0.

In Hosking’s work neither the value of m nor =
may be r ed a8 determined, He eveluated m
for hoth tions of flow through each of four
capillaries and obtained results varying from 1.128
te 1,216, with & mean of 1.158. He then recaleu-
lated some of hig earlier results obtained with other
capillaries, taking m==1.158 and n=1.64 and arnved
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8t ¢ x="0.01008 as the best result from his work.
The value of n=1654 wag assumed, a8 with this cor-
rection, certain of his data wers more seli-consiztent.

Bingharn and White assumad that m=1.12 on the
basia of celculations presented in a series of papers
h{ Boussinesq [20]. They determined the value
of # {or saveral combinations of capillaries pnd con-
cluded that its best value was zern. This value was
then assumed for the eapillary in which the determi-
ngtion of the viscosity of water was made,

In view of the uncertainties in all three of theas
determinations the lack of agresment with the
present determination is not significant.

£.3. Application in Pructeal Viscomebhry

One aim in this investigation was to obtain & valoe
for the absolute viscosity of water at 20% O thet
eould be used 23 a standard in practical viscometry.
Accordingly, beginning on July 1, 1952, the National
Burezu of Standards is planning to wse the value
of 0,01002 poise for the absolute viscosity of water
at 20° Cus the besie for the calibration of viscometers
and standard sample oils. It is recommended that
other laboratories adopt this value as the primary
reference standurd for comparative messurements of
viscosity.,

In evaluating the work reported here, considera-
tion is now given to any limitations in the general
applicability of the resultz obtained under the par-
ticular conditions of thess sxperiments. In thia
connection, various factors most be considared.

(2} Purity of the water with respect o deuterium
oxtde. At 207 C, Dy s about 1.245 times as viacous
a8 Hz0 [21], and consequently the dauteriom content
in the water used muyst be considered. Fortunately,
surveya (for example, [22) have shown that the vana-
tion In isotopic concentration in water from a
variety of world-wide scurces iz only & fow parts per
million. Thia variation ia not great enough to affect
the viscosity by as much as 0.01 percent [23).

{b} Other impurities. Unpubhished results, ob-
tainod with water from various types of stills at the
Burean, have shown that a simple distillation, such
ag i3 geeomplished by o commercial labaratory still,
yields water of sufficiantly uniform composition.

() Ohange of siscosity with pressure. Hardy and
Cottington [21, p. 575], using & Master Fenske vis-
cometer, found no measurable affest of pressura in
the range, 1 to 3.4 atm.

(1} Chongs of viseostly with rale of shear. The fact
that the deta presenifed here are well represented by
eq 28 may he considered as evidence that the vis-
cosity doea not vary with rate of shear in the ran
covered (5,000 to 20,000 reciprocsl zeconds?, Further-
mora, Griffiths and Vincent [24] eould detect no dif-
ference batween the viscosity of water measured at
a rate of shear of 0.013 reciprocal second and that
meazared et 5,000 to 10,000 reciprocal saconds.

_ The authors ackoowledge the following contribu-
tione to the project: N. E. Dorsey and C. 5. Cragoe
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for their advice and encovragement ; R. L. Cottington
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8. Appendix A. Values of the Various Con-
stants and Quantities Used in the Calcu-

lations
81. Density of Marcury

From the work of Peattie at al. [12], and using the ralation
1 m|=1.0027 om#,
Als Dy, aom= 1360548 gftnl, or 13.5050% gfam?,
o,
DE‘, mo= 13.54580 g.lrﬂ'[ﬂ".

The values of # for wee in eéq 20 were saleulated frotn
‘Beattiis's resulte and found to be as follows in the rangos in
Which they wera used: -

Temparature rabge B
N
19 theough 24 _ ... ____ 1200 104
25 through 32_______________ . __.. 1%51.0

8.2. Resiptivity of Mercury

From the ICT wvalue of 9407663 10! internativosl
ohro-tam, and converting, using the relation 1 Internetional
ohm =105 abrolute ohns,

Py 3 4T3 101 phsolute ohm-mm.
The equetion of Jaeger and von Steinwehr [25],
po=py {1 888,15 104 - 099560 10-161),
ia used to calenlata the reaistivity st other temperatures,

8.3. Density of Water

The density of water at 20° 7, used in the caloulation of tha
pressure drop through a eaplliary from the height of mereury
n the manometer, was caltulated from the properties of
wator Af advan by Domey [28]). He gives the valus of
00082336 gml, or u.aaszm; ger? (1 ml=1.000027 em?), for
tha denaity of gir-free water at 20°C and & pressure of 1 atm.
From Dorsey's table 92, the corresponding value for water
saturated with eir 13 0.998206 giciub

Tha grmure on the weter, ahd therefore its density, veries
throughout the viscometer and manometer system, and also
varies with the helght of meceury in the manometer. In
appendix T the ealeulptions of the vrossure drops were made
on the besie of & mean velue for the denaity of water. Thia
riean was ¢Rlculeied on the baeia of 3 mean pressure of 1.25
atm on the water in the appsratus. The density at this
]E)rsmm was ealeulatad from the date given lo table 106 of

raey's book pnd found to be 90822 glerm?,

The vea of this mean velue of the dansity inatead of the
sctunl deneftles for each ¢comdition will in no caae introducs
an error greater than 2 parts per million in the caleulstion of
the pressure drop threugh the eapillary.,

B.4. Acceleration of Gravity

The velue wsed for the acceleration of graviiy (s 980.080
emnfsecd, absolute gravity, Dryden reduetion. hix valua i
besed upon acsurate memsnzements [27) made oo the same
Bowr of the building in which the work wes done.

8. Appendizx B. Calibration of the Gage
Rods UJaed With the Mercury Manometer

The aallhration of & gege rod consiate in the determinstion
of the interval of length between that rod and the longest
gagp rod.  The resulf ls expresaed as a correction to the
nomyinel length of the interval.

The rods were calibrated with Hoke gage blocks in 4 room
where the temperature wan controlled close to 20° O, A
shallow glass dish about 10 em in dlameter End containing
meraury waz placed on & leveled saurface plate. A ateel plata
with n{Hn. ismeter hole war supported above the dish on
parallal bars which restad on the surfsce plale. Hoke gage
blocks, wrung togethar in suitable combinatfons, were placed
vertioally on the ground surface -ofthist}i]nte. and the imnicrom-
eter depth gage was seatad on tup of the gage blocke. The
gaga rouda wore clamped succeasively in the depth gage,
paash;ﬁ through the holes in the gage blocks and steal plata
o make pontact with the sarface of mercury -in the dish.
Contact was Indisated by the same electils circuit az thet
employed In the manometer.

n thiz wry the intervals befween the longeat rod and aach
of the others Were detertipad on ¥arious ofcasions, with the
reaults as glven in table 23,  After the Gret two calibeatioos,
only the rods that covered the particular heighta ueed in 1he
tests were further ¢alibrated.

TanLe 28. Culibration of goge rode
[Tha waluea Elven B wrren::lum 1o the meminal Teogthe of the [nbarrals in ten

hoesandiha oF an met]
Dtk of padftmtion
Raoed | Momis
ol ln-| Fori. | Muwr, | Do, | Tudie | Feb, | Jan, | Apr. | Lhot.
teroml | 1040 | I94T | 1kl | I9MT | 1eS o 749 | 1640 | 143
.
F 1]
1 2
“ i
1) &
19 | 1
i 7
L HS &
H [’
L b1
3 1L
a8 18
ar 13
H| MK
43 15
Al 1]
b | 17
a2 15
a1 il
b 1] 0
b i |
o8 ]
ar =
a8 4
a5 26
o o
H F1)
z| N
i F-l -kl PR DU S

The rods were numbered scoording to their nominal lengtha
in inches. The aecond column gives the ootninal diference
in len between cach rod aond rod EO, which was the ono
used in ohtaining the maporoeter zero. The correotions

iven for epch rod wre corrections to the nominal length of
e correspanding intervsl in lnehes. In 2l of the sali-
brations, mesaurementa with each rod were repeated af lenat
onoe, and the corrections entered §o the table are mean
values. Repaated measuvements on & given rod showed
apreement within 00002 in. in almoat all cases.

It was not possible to ettribnte the changes iv the lengthy
to any ona esume. In pemersl, the changea were in the
direction of the intervels shortening with tima, but the mag-
nitudes of the changes wera not proportlonal to the interval

Wi

ik




lengtha sand therefore were not explainsd by uniform shrinke-
? of the rads. It i3 probable thet growth and ahrinkaﬁe

the rods, together with pasible elactrolytic wear of the
tips, were &ll involved in varying extents.  However, these
chabgee were Followed clogely, nod it is felt that the corrections
were known to within at leash (004 in, of their true values
st all times when flow measnrements wers belng made,

10. Appendix C. Radii by the Gravimetric
Method. Detaila of the Weighings

For determining the mean tadii of the sapillariea by the
vimetric method, the gquantities of mercary from the

ﬁiﬂu{ the capilleries were weighed in amall glasgs toppeeead
t

In the weighings concerned with capillaties 2.5 snd 1.4a,
three batiles, 3, & apd 25, were used. Bottles § and 6 wese
wed in the weighing of the mereury, and bottle 2% was
welghed each time as Ao blank, The weighing procedyrs
wad designed to determune the effeata, §if Any, of poasible
variations io the surfacz sondition of the glasa upon the
constaney of weight of the bottles, The three botiles were
firat waizhed ty, ahd the mercury wan transferred framn
tha gapillary to bottle 3 and weighed. It wes then trans-
ferred 1o bottla 8 and weighed.  After this, the mercury
was disearded, &nd bottle 6 was welghed apain empiy,
Balors each weighing the botilea were held in steam momen-
tarlly to condensa moisture of the surface a0 aq to dissipete
any electrostatio . Thna bottle ¢aps were luasenad
aod rapliced. Then the bottles were placed o the belanec
and welghad after about 5 mingtes.

The reaulta of the weighbng of the empty hottles are given
fu table 24, The weighings show emell crratic changes, and

TakLE 24, Mars of weighing fofiles, emply
Buttle— o
Date | Baatlve
8 ! | a5

Prreent Ry bt el
117 s | femew | o i
1%/00 wo | BEeeE | ERE | M
visw | w (e | B MW
It 1 e ) EaEm | B
102020 e [ BRes | Bim | e
a3 wo ([ ELE | R
s w |f ERem oL BiER | M
g8z | meom o B | MM
112505 u ([ R e | MM
vz o [ RS | M
VEH o ([ TR Ewe | L

evidenece p definite over-all gain in welght of all threa hottles
during the period of their yse, The gain in weight of botties
#end € is probably nut attributable to residnes left by the
mercury agamples, a8 bottle 25 showed tha same incresse,

In the course of the weighings, the relative hunidity in the
roorl where 1be weighinge were mada wan varied throngh tha
wide range given in the table. Apparently the welghings
were not affacied by these veretions,

25

‘The regultz of the two weighings of cach sample of meroury
are given In table 25, plea 4 to B were from repeat
flllngs of capillery 2.58; F to J werg from capillacy 1.4a.
The agreement between the two welghings of each sample ia
better than (L01 mg in All cases. The mean values of these
duplicate welglhings are given in table 10 and were wyad in the
caleulations. Considering all sourees of arror, i i@ probable
that these roean valuas are withio 0.01 mg of the true masses
af tha samplea, :

TaprE 25, Muss of semiples of mercury from Rllinga of
capillarics 250 and 1.4
Wighed in tatth—
Eanaple Lty
- L

AL - 11350 04,303 £54 o
BT 1ta CH_aB) | ABL 4SS
5 i | | s
DI it 04, X0 B TR
P B I -1, d.352 | 36 M
ﬂ’. }% Tk 386
1. 1 ISE.91e | 3EsEn
12700 T 05 | 384 MT

11, Appendix D. Data ond Calculation of
the Pregsure Drops Through the Capillaries

Trblee 26 to 38 give the obeervations made in the 11 series
of flow meassurements and the delsiled coloulations of the
pressure dropa,  The velues of ) given in eplumn 3 of thase
tabies were caloylated by the relation

ZTAINE Mergury 1
turn of drive sheft " Dagana

Q=zpeed of drive ahaft ¥

The apeeds of the drive shaft in revolutions per second were
caleniated from the motor specd and the ratic of the gears
used iu each case. The rate of delivery of the njector in
rams per turn of the drive phaft was taken appropristely
rom tahle 1, 3, or 5. The value used for the density of
mersury ab 2F O i 1350346 giom? (Fes appendix A).

The gage-rod eorreations given in appendix B were lotted
a8 B function of time, and the gorrectlons entezed in eolumn b
ware taken froim thase curves. i

Each obeervation of the manometer zaro ba entered o the
lower part of the tables. The mest of the abscrvations in &
partisular parias was used In the sompirtation of the presaurea
tor thet seried. ,

Values of Mg, the micremeter depth-gege head readings
under tha Bow condldons, ere given in eolumn 6, In eolumn
7, a=mean M;— Mg,

The differential heights of mereury in the mapometer are
given in eolumn 8. These are compuied by the relaticon

k= A 4 luterval + rod cocrection,

In which the interval iz the notingl difference in length
between the rod and rnd 500

The diferone: between the actual temiparators of each ron
and 20° £ ig entered in column 0. O the basla of thess
tamperature diferences, the corrections to A entered in column
11 worn computed by using 0.0K25%,0.001 deg C for the
change in the viscosity of water with temperature at tem-
peratures close to 20° 'O [4], The sign of each corraction ie
gueh that Aa=hy+ 4k, in which Ag is the height of meroury
for a corresponding cun at 20° C. Expanalone or eontractions
in the dmmin frame, gage vods, meroury in the mencometer,
ete. were computed and found to be eompletaly oegligitle for
thege amall temperature differences,

The tesn valuc of kw Tor each rate of flow in given In
eolumn 12, and the standard deviation of the roean is given
in enlumn 13,




The pressuore drops in dynes per square centimeter were
caleulated from the mesn valuea of by and entered in column
14. The ealeylstions were mAde using the relation

Pa—=20.540005 % g% (Dp,— Dyige o e,
in which 2.5400056 13 the (actor for converting inches to

Aa was mentioned in the descripilon of the manometer,
the valuee of pw given in column 14 include the presaure drop
throuzh the pide tube sonnesting the exit chambar with tha
long arm of the manometor, Values of this pressura drop,
which ig equal to the second term om the right hand eide in
eq 168, are given in ¢oluinn 15, This sorrection was applisd

centimeters [(30).  Substituting for ¢ and (Dage—Dwlgs c | to g
L Pu yieldlng the preszwre dropa serces the capillary alone,
thelr values fromm appendix A, which ere eniered in column 16, Biandard deviations in
Fao=F 12363 1M ¥ fin dynag per square centimeter are endered in colymn I7,
TABLE 26. Serien I capiliury 2.5
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Tavre 27. Series S, copillory 2.5
[Caboubatfaon of the prasaie drops]
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Tance 2. Series VIT, capillory £.5a
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TavLe 31. Heriea X, capiliary 2450
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TanLE 33, Serfer VI, cepillory 1.5
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TavLE 35.
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